In this paper, the basic structure and design parameters of an oil-immersed air core coupling reactor were given according to the interruption requirement of the 160 kV mechanical direct current circuit breaker, and a field-circuit coupled finite element model was established based on the ANSOFT simulation platform. The prototype test results verified the correctness of the simulation calculation method. The coupling reactor design was optimized to minimize the total volume, taking equal height and heat flux design parameters as the optimization object, and the influence of the insulation distance between the oil tank and encapsulations on the secondary current of the coupling reactor were analyzed. Meanwhile, a combined optimization method about the reactor body and oil tank was proposed, and the optimization contour surface was plotted, which described the relationship between the total volume of the coupling reactor and structure parameters of the reactor body and oil tank. According to the optimization design results, the total volume was only 89% compared with the initial design parameters, and the correctness was verified by the simulation results.
Introduction
With the development of flexible direct current transmission technology and the progress in power electronics technology, high-voltage DC (direct current) transmission has been widely used in long-distance high power transmission, cable transmission, and non-synchronous communication of AC systems [1] [2] [3] . The circuit breaker is a key piece of equipment in direct current systems, and some direct current circuit breakers have been presented in [4, 5] . A 160 kV mechanical direct current circuit breaker is proposed in [6, 7] that has advantages of high breaking reliability, low loss, and low cost in comparison to traditional mechanical DC circuit breakers and hybrid DC circuit breakers. The coupling reactor plays an important role in the DC circuit breaker, but the design is difficult. The main reasons for this are: The primary and secondary side inductance, the coupling factor needs to simultaneously meet the requirements of the performance parameters, and the miniaturization design of the coupling reactor is needed due to the overall size limitations. Therefore, methods for optimizing the design of the coupling reactors are needed.
The oil-immersed air core reactor becomes the preferred type of coupling reactor due to its low electromagnetic interference and high insulation strength [8] . It mainly includes a reactor body and oil tank. For the reactor body, an optimization curve is given in Reference [9] that describes the percentage of the total volume over the minimum when the shape proportion deviates from the optimal value. In References [10] [11] [12] , a combined thermal-electromagnetic optimization method is put forward, and the relationship between the volume of the reactor and geometric factors can be obtained under the conditions that the inductance and maximum temperature rise remain unchanged. In Reference [13] , a magnetic particle layer is added outside of a conventional aluminum core to increase permeability, which can obviously reduce the volume of the reactor. However, the coupling factor is not included in References [9] [10] [11] [12] [13] , so the above methods cannot be used directly in the design of a coupling reactor. In Reference [14] , a design method for the coupling reactor is proposed that can realize the same thermal and stress distributions for the inner encapsulation, however this method is mainly concerned with the dry-type air core reactor. Regarding the oil tank, the finite element method (FEM) has been adopted to analyze the influence of the permeability and thickness of the shielding layer on the inductance [15, 16] , but the coupling factor has not been considered. Thus, the above optimization methods can only obtain locally optimal solutions.
In this paper, the structure type and initial parameters of an oil-immersed air core coupling reactor are given, and a field-circuit coupled finite element model is established based on the ANSOFT platform. The prototype test verified the correctness of the simulation calculation method. Meanwhile, taking the total volume of the coupling reactor as the optimization object, the influence of the oil tank parameters on the secondary current of the coupling reactor are analyzed, and a combined optimization method for the reactor body and oil tank is proposed. The optimization results show that it can significantly reduce the volume of the coupling reactor.
Design of the Reactor Body
The topology structure of the 160 kV mechanical DC circuit breaker is shown in Figure 1 , comprising of the high-and low-voltage sides. The high-voltage side was composed of the main through-flow branch (mechanical switching CB), converter branch (secondary inductance of the coupling reactor L 2 , capacitance C 2 ), and energy-absorbing branch (arrester MOV). The low-voltage side consisted of the charging capacitor C 1 , primary inductance L 1 , and trigger switch module (thyristor SCR and antiparallel diode D).
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The topology structure of the 160 kV mechanical DC circuit breaker is shown in Figure 1 , comprising of the high-and low-voltage sides. The high-voltage side was composed of the main through-flow branch (mechanical switching CB), converter branch (secondary inductance of the coupling reactor L2, capacitance C2), and energy-absorbing branch (arrester MOV). The low-voltage side consisted of the charging capacitor C1, primary inductance L1, and trigger switch module (thyristor SCR and antiparallel diode D).
The working principle of the DC circuit breaker was: When the direct current system is in normal operation, the CB is in the closed state. The current passes through the main through-flow branch. When the system needs to turn off the fault current, the SCR begins to conduct by the trigger signal, the high-frequency oscillation current is generated on the converter branch and is superposed with the direct current, and the current of the main through-current branch can be transferred to the converter branch rapidly, so the fault current can finally be turned off. A detailed description about the operation conditions is given in [17] . The working principle of the DC circuit breaker was: When the direct current system is in normal operation, the CB is in the closed state. The current passes through the main through-flow branch. When the system needs to turn off the fault current, the SCR begins to conduct by the trigger signal, the high-frequency oscillation current is generated on the converter branch and is superposed with the direct current, and the current of the main through-current branch can be transferred to the converter branch rapidly, so the fault current can finally be turned off. A detailed description about the operation conditions is given in [17] .
Taking the 160 kV flexible direct current transmission project as the research object, the data about the interruption capabilities and time of the direct current circuit breaker are given in [18] . Combined with the actual parameters of the power system, when the charging voltage of capacitor C 1 is 45 kV, the secondary positive current peak amplitude of the coupling reactor needs to reach at least 9 kA, and the oscillation frequency is about 2000 Hz.
Basic Structure of the Reactor Body
The main parameters of the coupling reactor can be achieved according to the interrupting requirement of the DC current breaker, combined with the value of the capacitor and charging voltage. The primary and secondary side inductance were 0.5 mH and 8 mH, respectively, and the coupling factor was about 0.925. Meanwhile, the primary and secondary sides of the coupling reactor needed to withstand 160 kV DC voltage for a long period of time and withstand 320 kV DC voltage for a short period of time.
The basic structure of the reactor body was proposed by considering the demands of the coupling factor and insulation. The reactor body adopted a multi-encapsulation parallel structure, each encapsulation was arranged alternately-encapsulations 2 and 4 made up the primary side, and encapsulations 1 and 3 constituted the secondary side of the coupling reactor, as shown in Figure 2 . Taking the 160 kV flexible direct current transmission project as the research object, the data about the interruption capabilities and time of the direct current circuit breaker are given in [18] . Combined with the actual parameters of the power system, when the charging voltage of capacitor C1 is 45 kV, the secondary positive current peak amplitude of the coupling reactor needs to reach at least 9 kA, and the oscillation frequency is about 2000 Hz.
The basic structure of the reactor body was proposed by considering the demands of the coupling factor and insulation. The reactor body adopted a multi-encapsulation parallel structure, each encapsulation was arranged alternately-encapsulations 2 and 4 made up the primary side, and encapsulations 1 and 3 constituted the secondary side of the coupling reactor, as shown in Figure 2 . 
Design Method
The primary and secondary side inductance needed to meet the parameters demand of the coupling reactor. The equation constraint condition can be written as [19, 20] : The equal height and heat flux heat design method was adopted in the design of the coupling reactor. When adopting this method, the encapsulation height, current density, and thermal and stress load distribution of each encapsulation were basically the same, thus the carrying current capacity of the coupling reactor could be fully utilized. The constraint condition equation is [21-23]: 
The primary and secondary side inductance needed to meet the parameters demand of the coupling reactor. The equation constraint condition can be written as [19, 20] :
Here, W i and I i are the turn number and current of encapsulation i, L 1 , and L 2 are the inductance of the primary and secondary sides; I 11 and I 22 are the total current of the primary and secondary sides; m is the encapsulation number; and f ij is the mutual inductance geometric coefficient.
The equal height and heat flux heat design method was adopted in the design of the coupling reactor. When adopting this method, the encapsulation height, current density, and thermal and stress 
where S i and H i are the conductor cross section and height of encapsulation i, respectively. Combined with Equations (1) and (2), the total constraint conditions for the reactor body can be written as:
For a given encapsulation height and encapsulation number, the initial design parameters of the reactor body can be obtained, and the mutual inductance between the primary and secondary side can be calculated.
The coupling factor is defined as [24] :
where, M 0 is the mutual inductance matrix, M is the mutual inductance between primary and secondary sides, and k is the coupling factor. The initial parameters of the reactor body were selected, the inner radius was 0.36 m, the distance between the encapsulations was 0.049 m considering the insulation requirements, and the metal conductor material was copper. Combined with Equations (1) and (5), when the encapsulation height was equal to 1.2 m, the coupling factor was 0.925, and the primary and secondary side inductances were 0.5 mH and 8 mH, respectively.
Simulation Results
According to the above design results, a field-circuit coupled finite element model was established based on the ANSOFT simulation platform. Considering calculation accuracy and calculation time, some simplifications and equivalencies were made. The geometry mode selected "Cylindrical about Z" in the ANSOFT, so the actual structure of the reactor body could be equivalent to a 2D model, and the height, radial width, and turn number of encapsulations were equal to the actual design parameters. The whole computational domain was 3 times the radial length and 3 times the axial height of the reactor in the model. The equivalent model of the reactor body is shown in Figure 3 . The circuit model is shown in Figure 4 , including capacitors C1, C2, and the coupling reactor, and the inductance corresponds to the encapsulations coils in the reactor body. (1) Governing equation
The filed-circuit coupled was calculated by the magnetic field and circuit control equation [25] [26] [27] , the eddy current of encapsulations could be ignored as the encapsulation coils were made of thin wire, thus, the vector magnetic potential, A , can be written as:
The current density of each encapsulation can be calculated, as shown in Equation (7):
where, μ is the permeability and i J is the current density of encapsulation i .
In the circuit model, the control equation is: The circuit model is shown in Figure 4 , including capacitors C 1 , C 2 , and the coupling reactor, and the inductance corresponds to the encapsulations coils in the reactor body. The circuit model is shown in Figure 4 , including capacitors C1, C2, and the coupling reactor, and the inductance corresponds to the encapsulations coils in the reactor body. (1) Governing equation
In the circuit model, the control equation is: (1) Governing equation
The filed-circuit coupled was calculated by the magnetic field and circuit control equation [25] [26] [27] , the eddy current of encapsulations could be ignored as the encapsulation coils were made of thin wire, thus, the vector magnetic potential, A, can be written as:
where, µ is the permeability and J i is the current density of encapsulation i. In the circuit model, the control equation is:
where, r i and ψ i are the resistance and flux linkage of encapsulation i, U is the encapsulation voltage, and Ω is the conductor section area.
(2) Boundary conditions
The boundary conditions are essential, and were set as follows:
The left boundary line of the model was set as the odd symmetry, and the upper, lower, and right boundary lines were set as balloon boundaries.
(3) Mesh generation
The mesh generation density directly affects calculation time and calculation accuracy. The mesh increased in density as it neared the encapsulations and was relatively sparse when the region was far away from the reactor body.
The value of the capacitance C 1 and C 2 are 135 µF and 10 µF, and the calculation time was set as 600 µs. According to the above calculation method, when the charging voltage of capacitor C 1 is 45 kV, the secondary side current waveform of the coupling reactor can be obtained, as shown in Figure 5 .
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The value of the capacitance C1 and C2 are 135 μF and 10 μF, and the calculation time was set as 600 μs. According to the above calculation method, when the charging voltage of capacitor C1 is 45 kV, the secondary side current waveform of the coupling reactor can be obtained, as shown in Figure  5 . In Figure 5 , it can be seen that the peak amplitude of the positive and negative currents are 9.94 kA and 12.09 kA, respectively, and the oscillation frequency was 2020 Hz.
Design of the Oil Tank
The oil tank is an important component of the coupling reactor. The eddy current generated by the oil tank can affect the secondary side current, thus, the influence of the oil tank should be considered in the design of the coupling reactor.
Initial Parameters of the Oil Tank
The oil tank is located on the outside of the reactor body, and can be equivalent to a 2D symmetry model. The insulating oil is around the encapsulations, which plays the role of insulation and heat dissipation. The equivalent model of the oil tank and reactor body is shown in Figure 6 . In Figure 5 , it can be seen that the peak amplitude of the positive and negative currents are 9.94 kA and 12.09 kA, respectively, and the oscillation frequency was 2020 Hz.
Design of the Oil Tank
Initial Parameters of the Oil Tank
The oil tank is located on the outside of the reactor body, and can be equivalent to a 2D symmetry model. The insulating oil is around the encapsulations, which plays the role of insulation and heat dissipation. The equivalent model of the oil tank and reactor body is shown in Figure 6 . The initial design parameters of the oil tank are: The insulation distances between the oil tank and encapsulations were 250, 225, and 650 mm on the lower, right, and upper sides, respectively, and the material of the oil tank was steel. The thickness of the oil tank was 20, 10, and 20 mm.
Simulation and Test Results
Simulation results: The eddy current of the oil tank was considered in the field-circuit coupled simulation calculation. When the charging voltage of capacitor C1 was 45 kV, the secondary side current waveform of the coupling reactor could be achieved as shown in Figure 7 . In Figure 7 , the peak amplitude of the positive and negative current are 9.65 kA and 12.51 kA, respectively, and the oscillation frequency was 2024 Hz. The values were basically the same, as in the situation without the oil tank. Thus, it can be said that the oil tank affects the primary and secondary side inductance and coupling factor simultaneously, which results in the secondary side current of the coupling reactor being basically the same.
The prototype of the coupling reactor was developed, as shown in Figure 8 . The test was done with the converter circuit and the charge voltage of capacitor C1 gradually increased from 3 kV to 28 kV. The initial design parameters of the oil tank are: The insulation distances between the oil tank and encapsulations were 250, 225, and 650 mm on the lower, right, and upper sides, respectively, and the material of the oil tank was steel. The thickness of the oil tank was 20, 10, and 20 mm.
Simulation results: The eddy current of the oil tank was considered in the field-circuit coupled simulation calculation. When the charging voltage of capacitor C1 was 45 kV, the secondary side current waveform of the coupling reactor could be achieved as shown in Figure 7 . The initial design parameters of the oil tank are: The insulation distances between the oil tank and encapsulations were 250, 225, and 650 mm on the lower, right, and upper sides, respectively, and the material of the oil tank was steel. The thickness of the oil tank was 20, 10, and 20 mm.
The prototype of the coupling reactor was developed, as shown in Figure 8 . The test was done with the converter circuit and the charge voltage of capacitor C1 gradually increased from 3 kV to 28 kV. In Figure 7 , the peak amplitude of the positive and negative current are 9.65 kA and 12.51 kA, respectively, and the oscillation frequency was 2024 Hz. The values were basically the same, as in the situation without the oil tank. Thus, it can be said that the oil tank affects the primary and secondary side inductance and coupling factor simultaneously, which results in the secondary side current of the coupling reactor being basically the same.
The prototype of the coupling reactor was developed, as shown in Figure 8 . The test was done with the converter circuit and the charge voltage of capacitor C 1 gradually increased from 3 kV to 28 kV. In the actual measurement process, the secondary side current of coupling reactor was converted into voltage signal, so the voltage waveform are the same as the secondary side current, and it only needed to multiply the convert coefficient. When the charge voltage of capacitor C1 was 28 kV, the test result is given in Figure 9a , meanwhile, the simulation result was also given, as shown in Figure  9b , showing that the waveforms are basically the same. The error factor between the simulation and test results is given in Table 1 , according to the secondary side current waveform, the test results showed that the error factor of the positive and negative side current amplitude, and frequency were less than 3.3% compared with the simulation results. This is relatively small and can be ignored, it can be regarded that the test results verify the correctness of the simulation calculation method. In the actual measurement process, the secondary side current of coupling reactor was converted into voltage signal, so the voltage waveform are the same as the secondary side current, and it only needed to multiply the convert coefficient. When the charge voltage of capacitor C 1 was 28 kV, the test result is given in Figure 9a , meanwhile, the simulation result was also given, as shown in Figure 9b , showing that the waveforms are basically the same. In the actual measurement process, the secondary side current of coupling reactor was converted into voltage signal, so the voltage waveform are the same as the secondary side current, and it only needed to multiply the convert coefficient. When the charge voltage of capacitor C1 was 28 kV, the test result is given in Figure 9a , meanwhile, the simulation result was also given, as shown in Figure  9b , showing that the waveforms are basically the same. The error factor between the simulation and test results is given in Table 1 , according to the secondary side current waveform, the test results showed that the error factor of the positive and negative side current amplitude, and frequency were less than 3.3% compared with the simulation results. This is relatively small and can be ignored, it can be regarded that the test results verify the correctness of the simulation calculation method. The error factor between the simulation and test results is given in Table 1 , according to the secondary side current waveform, the test results showed that the error factor of the positive and negative side current amplitude, and frequency were less than 3.3% compared with the simulation results. This is relatively small and can be ignored, it can be regarded that the test results verify the correctness of the simulation calculation method. 
The Influence of the Oil Tank on the Coupling Reactor
The insulation distance between the oil tank and encapsulations directly affect the total volume of the coupling reactor, according to the insulation demand, the relative distances were selected as 0.9, 1, 1.1, 1.2, and 1.3 times the initial parameters. The secondary side current and oscillation frequency were given as shown in Table 2 . In Table 2 , the peak amplitude of the positive and negative current is basically the same with the different distance, and the maximum error factor was only 2%, compared with the initial parameters.
The Combined Optimization Method for the Reactor Body and Oil Tank
The optimization object was to realize the minimum total volume, with the precondition that the secondary side current of the coupling reactor must meet the interruption requirement of the DC circuit breaker.
According to the equivalent model of the coupling reactor, the total volume can be written as:
where, R st and H st are the radius and height of the oil tank respectively. The radius and height of the oil tank can be calculated by Equation (10) .
where, H 1v , H 2v , and R v are the distance between the reactor body and oil tank from the upper, lower, and right sides, and THi is the thickness of the reactor body. The encapsulation width is basically the same based on the equal height and heat flux design method, so the thickness of the reactor body can be written as:
where, a is the radial width of the encapsulation and d is the distance between encapsulations. Assuming that parameter d remains unchanged as the insulation limitation, it can be derived that the thickness of the reactor body is constant when the value of d is larger than a.
Realization of the Optimization Method
The primary and secondary side inductance and coupling factor are the main parameters for the coupling reactor. The curve between the inner radius, encapsulation height of the reactor body, and the coupling factor can be plotted based on the equal height and heat flux design method, as shown in Figures 10 and 11 .
In Figures 10 and 11 , it can be seen that that the coupling factor gradually increased with the increase of the inner radius and encapsulation height. Thus, there exists an optimal structure size to realize the miniaturization of the coupling reactor. In Figure 10 and 11, it can be seen that that the coupling factor gradually increased with the increase of the inner radius and encapsulation height. Thus, there exists an optimal structure size to realize the miniaturization of the coupling reactor.
The inner radius and encapsulation height should be simultaneously adjusted to meet the inductance and the coupling factor, and so the fitted curve between the inner radius and encapsulation height can be plotted. In Figure 10 and 11, it can be seen that that the coupling factor gradually increased with the increase of the inner radius and encapsulation height. Thus, there exists an optimal structure size to realize the miniaturization of the coupling reactor.
The inner radius and encapsulation height should be simultaneously adjusted to meet the inductance and the coupling factor, and so the fitted curve between the inner radius and encapsulation height can be plotted. The inner radius and encapsulation height should be simultaneously adjusted to meet the inductance and the coupling factor, and so the fitted curve between the inner radius and encapsulation height can be plotted.
In Figure 12 , it is shown that the encapsulation height gradually decreased with the increasing inner radius, and the quadratic fit relational expression could be achieved as shown in Equation (12):
Suppose a variable in the initial design is x 0 , which is selected as the normalized standard, and the corresponding variable in a new design is x. Then, the proportionality factor is defined as k x = x/x 0 [10] .
From Equations (9)- (12), the proportionality factor of the total volume can be written as:
According to the initial design parameters of the reactor body and oil tank, the proportionality factor of volume can also be written as: where, k V , k R , and k c are the proportionality factors of total volume, inner radius, and insulation distance between the oil tank and encapsulations, respectively. Figure 11 . The curve between the inner radius and coupling factor (encapsulation height = 1.2 m).
In Figure 10 and 11, it can be seen that that the coupling factor gradually increased with the increase of the inner radius and encapsulation height. Thus, there exists an optimal structure size to realize the miniaturization of the coupling reactor.
The inner radius and encapsulation height should be simultaneously adjusted to meet the inductance and the coupling factor, and so the fitted curve between the inner radius and encapsulation height can be plotted. 
Optimization Design Results
The optimization contour surface can be plotted from Equation (14), which describes the relationship between the total volume and inner radius, and insulation distance, as shown in Figure 13 , where the ranges of k R and k c are 0.8-1.2 and 0.9-1.3, respectively. In Figure 12 , it is shown that the encapsulation height gradually decreased with the increasing inner radius, and the quadratic fit relational expression could be achieved as shown in Equation (12) x , which is selected as the normalized standard, and the corresponding variable in a new design is x . Then, the proportionality factor is defined as
According to the initial design parameters of the reactor body and oil tank, the proportionality factor of volume can also be written as: 
where, V k , R k , and c k are the proportionality factors of total volume, inner radius, and insulation distance between the oil tank and encapsulations, respectively.
The optimization contour surface can be plotted from Equation (14), which describes the relationship between the total volume and inner radius, and insulation distance, as shown in Figure   13 , where the ranges of R k and c k are 0.8-1.2 and 0.9-1.3, respectively. In Figure 13 , it can be seen that the total volume of the coupling reactor gradually increased with the increasing c k , and there was a minimum value when R k = 1.15 and c k = 0.9. At this point, the volume was about 89% compared with the initial design parameters. The overall optimization flow chart is shown in Figure 14 . In Figure 13 , it can be seen that the total volume of the coupling reactor gradually increased with the increasing k c , and there was a minimum value when k R = 1.15 and k c = 0.9. At this point, the volume was about 89% compared with the initial design parameters.
The overall optimization flow chart is shown in Figure 14 . According to the initial parameters of the reactor body and oil tank, the optimization design results can be obtained based on the optimization contour surface, as shown in Table 3 . 
Simulation Verification
In order to verify the correctness of the optimization design results, a field-circuit coupled finite element model was established. When the charging voltage of capacitor C1 was 45 kV, the secondary side current of the coupling reactor could be obtained, as shown in Figure 15 . In Figure 15 , it can be seen that the peak amplitude current of the positive and negative was 9.71 kA and 12.55 kA, respectively, and the oscillation frequency was 2000 Hz, which meets the interrupting requirements of the DC circuit breaker. According to the initial parameters of the reactor body and oil tank, the optimization design results can be obtained based on the optimization contour surface, as shown in Table 3 . 
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The magnetic field and stress distribution of the coupling reactor could be achieved when the secondary side current reached peak amplitude, as shown in Figure 16 and 17. Figure 16 and 17 show that the maximum magnetic flux density was 0.55 T, concentrated mainly on the inner side of the oil tank. This can mainly be attributed to the effects of the oil tank eddy current. Meanwhile, the maximum surface force density of the encapsulations was 35.2 MPa, which is significantly less than the limit of the metal conductor material. Thus, the simulation results verify the correctness of the optimization design method.
Conclusions
The structure type and initial design parameters of the oil-immersed air core coupling reactor were given, and a field-circuit coupled finite element model was established based on the ANSOFT simulation platform. The prototype test verified the correctness of the simulation calculation method, and the following conclusions can be made: The magnetic field and stress distribution of the coupling reactor could be achieved when the secondary side current reached peak amplitude, as shown in Figure 16 and 17. Figure 16 and 17 show that the maximum magnetic flux density was 0.55 T, concentrated mainly on the inner side of the oil tank. This can mainly be attributed to the effects of the oil tank eddy current. Meanwhile, the maximum surface force density of the encapsulations was 35.2 MPa, which is significantly less than the limit of the metal conductor material. Thus, the simulation results verify the correctness of the optimization design method.
The structure type and initial design parameters of the oil-immersed air core coupling reactor were given, and a field-circuit coupled finite element model was established based on the ANSOFT simulation platform. The prototype test verified the correctness of the simulation calculation method, and the following conclusions can be made: Figures 16 and 17 show that the maximum magnetic flux density was 0.55 T, concentrated mainly on the inner side of the oil tank. This can mainly be attributed to the effects of the oil tank eddy current. Meanwhile, the maximum surface force density of the encapsulations was 35.2 MPa, which is significantly less than the limit of the metal conductor material. Thus, the simulation results verify the correctness of the optimization design method.
The structure type and initial design parameters of the oil-immersed air core coupling reactor were given, and a field-circuit coupled finite element model was established based on the ANSOFT
